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Abstract 
Passive air conditioning (humidity and temperature control) in buildings is more desirable on 
sustainable basis. One of the challenges of passive humidity control is regeneration of the materials 
applied for the purpose. This paper looks at solar regeneration of a silica gel layer (bed) for typical 
seasons of the year in Harare, Zimbabwe. This bed forms the primary system that is then used for drying 
room internal surfaces during the night. The extent of silica gel solar drying is the main attention of this 
investigation. Solar regeneration of a silica gel bed that forms a solar ‘absorber’ surface of a rectangular 
solar channel is investigated. Simple mathematical models are developed and subsequent spreadsheet 
simulations are carried out. Silica gel sorption models are from literature or estimated through curve-
fitting of available data. Solar radiation falling on a vertical surface at a given orientation is evaluated 
from the global solar radiation data using a developed simulator based on correlations obtained from 
literature and measured solar radiation data from the local meteorological department.  For a vertical solar 
channel of an air gap of 20mm, and a height of 3m, silica gel is regenerated to some quite low moisture 
content of circa 0.06kg/kg. Comparable degree of regeneration is achieved for both seasons.  
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1. Introduction 
In the provision of thermal comfort conditions in built environments, two parameters are key, namely 
temperature and humidity [1]. In conventional air conditioning systems; dehumidification is achieved 
through cooling air to temperatures below dew point and then heat it to comfortable temperatures. This 
represents a significant amount of energy and thus the systems pose challenges of high energy utilization. 
Research into comfort provision passively or at near-zero energy use has been topical. Passive control of 
temperature through application of energy storage strategies (phase change materials (PCMs) application 
to building envelope materials) is being widely researched with some commercial breakthroughs being 
reported. Research on moisture buffering potentials in built environment has shown some increase in the 
recent past. From the various investigations on the commonly used building materials; it is apparent that 
these materials have limited moisture buffering capabilities [2-5], such that enhancement through 
desiccant application may be a necessity. An attempt towards application of desiccant materials to 
building envelopes is limited; the only known investigation towards this end is that of Rudd [6]. The 
investigation involved the determination of sorption characteristics of silica gel mixed with paint. Despite 
the potential portrayed, issue of regeneration remained unanswered. This paper looks at solar regeneration 
of a silica gel bed with different orientations for the typical seasons of the year in Zimbabwe, winter and 
summer. The performance of the solar-regenerated silica gel bed becomes the main focus of this 
investigation. Simple models and spreadsheet simulations are applied. 
 
Nomenclature 
cA  channel surface area (m
2) 
b  channel width (m) 
pc  specific heat capacity of air at constant pressure (J/kgK) 
d  day number 
g  acceleration due to gravity (m/s2) 
bcI  beam radiation incident on the channel (W/m
2) 
bhI  beam radiation incident on a horizontal surface (W/m
2) 
cI  radiation incident on the channel (W/m
2) 
dcI  diffuse radiation falling on the channel (W/m
2) 
ghI  global radiation falling on a horizontal surface (W/m
2) 
rcI  reflected radiation falling on the channel (W/m
2) 
k  drying constant (s-1) 
m  mass of silica gel (kg) 
am  air mass flow rate (kg/s) 
wm  moisture rate (kg/s) 
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t  time (s) 
aT   ambient air temperature (
oC) 
fT  average channel fluid (air) temperature (
oC) 
sQ  sorption heat (W) 
u  mean velocity (m/s) 
X  moisture content (-) 
eX  equilibrium moisture content (-) 
D  solar altitude (o) 
E  coefficient of thermal expansion (K-1) 
J  solar azimuth (o) 
nJ  surface azimuth (o) 
G  sun declination angle (o) 
cK  channel solar thermal efficiency (-) 
T  channel tilt angle (o) 
P  coefficient of dynamic viscosity (kg/ms) 
V  reflectance (-) 
U  mass density (kg/m3) 
I  relative humidity (-) 
Z  hour angle (o) 
2. Methods 
Solar regeneration of the silica gel bed is proposed to take place in a rectangular channel that has silica 
gel forming the solar absorber surface. Fig 1 is a section of the channel, which is part of one of the 
external walls of a room it is intended to serve. The air flow through the solar channel is due to buoyancy. 
A transparent glass forms the solar radiation transmitting surface. The air gap considered is 20mm, while 
the height is 3m (the height of the wall surface) and the width is 4m (width of the wall surface). The back 
of the absorber is well insulated; same is the other two sides parallel to the air flow direction within the 
channel, so as to minimize heat loss.  
Simple mathematical models are developed and subsequent spreadsheet simulations are carried out to 
evaluate the possible drying of the silica gel. Orientation (the cardinal direction) of the silica gel solar-
regenerator (solar channel) is checked to identify the most suitable orientation applicable. Available 
Harare data for ambient temperature and humidity as well as the simulated solar radiation on vertical 
surfaces is applied in the simulation process.    
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Fig. 1. Solar Channel Section 
2.1. Channel temperature and velocity models 
In solar channels, heat gain by the fluid determines the velocity of flow for any particular design. An 
analysis of temperature and the air flow phenomena inside the channel involves a number of correlations; 
simplified relationships are considered in the present study. The regeneration temperature can be 
expressed as in equation (1);  
pa
sccc
af cm
QAI
TT 2
 K        (1) 
the expression is obtained through simple energy balance. Equation (1) assumes a linear variation of 
temperature with distance along the flow direction. In equation 1, fT  is the average channel fluid (air) 
temperature, aT is ambient air temperature, cK is the solar-thermal efficiency, cI is the radiation received 
by the channel and cA is the channel surface area. The mass flow rate of air is denoted by am  and  pc  is the 
specific heat capacity of air at constant atmospheric pressure. The sorption process involves release or 
absorption of heat, adsorption being exothermic while desorption is endothermic. sQ represents the 
sorption component of heat, where the heat of adsorption is positive and the counterpart negative. Air 
mass flow rate ,am is given by uAma U  while air velocity ,u is given by equation (2) [7]; 
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For a vertical surface 1sin  T  and for small values of h  equation 2 reduce to; 
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In equation (3), b is the depth of the channel while P is the dynamic viscosity of air flowing in the 
channel. While the properties of air vary along the length of the channel, since the temperature is varying, 
for simplicity of analysis, the properties are considered constant for evaluating velocities and they are as 
given in table 1.  
Table 1. Air Properties  
Parameter   Applied Value   
Density,    1.0047 
Dynamic viscosity   2.0765 
Specific heat capacity 
Coefficient of thermal Expansion 
 1.0083 
0.003 
2.2. Silica gel desorption and adsorption models 
The rate of moisture uptake by the air passing over silica gel wm is dependent on the moisture content 
of the silica gel X and the equilibrium moisture content eX . According to Chi-Young Jung et al [8], thin 
layer drying model for silica gel can be expressed as equation (4);  
 eXXkdt
dX   and 6.025.0 I eX        (4) 
In equation 4,  t  is the time, k  is the drying constant. The equilibrium moisture content is a function of 
relative humidity of the airI , which is in itself dependent on the amount of moisture in the air and its dry 
bulb temperature. Manipulation of first part of equation (4) yields equation (5); 
 ew XXkX
mm  1        (5) 
where m is mass of silica gel involved. During air drying at night time a model for the adsorption process 
can be estimated by the following equation (6) based on an isotherm [9], which was constructed for 25oC 
and air relative humidity of 75%. 
  5286.02163.0 XX
dt
dX
e   , 4908.0386.0 I eX  & 2646.16114.0 I eX   (6) 
2.3. Solar radiation and other climatic conditions 
Zimbabwe is within the tropical region and its climate is characterized by two main seasons; 
warm/hot, humid summer and cold dry winter. The amount of radiation falling on a surface depends on 
the position of the sun in the sky, the atmospheric conditions and the orientation of the surface. The 
position of the sun relative to a point location on earth depends on the time of the year and day as well as 
the location (latitude, longitude).  
Solar radiation data available from meteorological stations is measured on a horizontal surface. It is 
therefore necessary to evaluate the radiation falling on a vertical surface since the channel is vertical. The 
evaluation involves resolving the available data to the radiation falling on the specific surface by use of 
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solar geometry. Solar position as observed from a point on earth can be defined by two angles, the solar 
altitude and azimuth. The solar altitude or elevation is given as the angle between the horizontal plane and 
the central ray from the sun. Solar azimuth is the angle produced by the projection of the central ray from 
the sun on the horizontal plane and the south axis. The two angles can be expressed as functions of the 
location latitude, solar declination angle and the hour angle.  
The declination angle G  is the angle between the straight line joining the centres of the earth and the 
sun and its projection on the equatorial plane. A number of models have been produced for the 
declination angle, but in this work a simple model widely accepted is applied [10, 11, 12, 13].  
¹¸
·
©¨
§  
365
284360sin45.23 dG        (7) 
In equation (7), d is day number, 3651 dd d . Now the other requisite parameter, the hour angle 
depends on the longitude and the time of the day. It represents angular distance between the meridian of 
the observer and the meridian whose plane is parallel to the sun rays. To describe the hour angle the Local 
Solar Time (LST) is used, because the hour angle is zero at solar noon (LST = 12:00 h), when the sun 
reaches its highest point in the sky. The LST can be evaluated from the Local Clock Time (LCT) and 
what is known as the Equation of Time (EOT); 
EOTLCTLST         (8) 
LCT is the local clock time of the day, which does not necessarily correspond to the position of the sun, 
while the EOT can be estimated from correlation available in literature, one such expression for the EOT 
is [14]; 
)sin(5.1)cos(53.7)2sin(87.9 BBBEOT      (9) 
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 ¹¸
·
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180364
81360 SdB .       
The hour angle is then evaluated from the following equation [14]; 
 12
24
360  LSTZ        (10) 
Now the total radiation received by an inclined surface consists of beam, diffuse, and reflected radiation, 
equation (11). 
rcdcbcc IIII                                                                                             (11)  
In equation (11) cI  is the total radiation falling on a tilted surface, bcI is the beam component falling on 
the surface, dcI is the diffuse component while rcI is the reflected component. The above equation (11) 
assumes zero shading of the surface. The beam component can be modelled as follows [15]; 
 nhbbc II JJTDTDD  cossincoscossinsin        (12) 
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In equation (12)T is surface inclination angle, D  is solar altitude, J  is solar azimuth, nJ  is azimuth angle 
of the normal to the surface. Beam radiation falling on a horizontal surface hbI , is obtained as the 
difference between measured global and diffuse radiation and for a vertical surface; 
0cos  T while 1sin  T , such that equation (12) becomes; 
 ndghbc III JJDD  coscossin             (13) 
Solar azimuth angle is evaluated using a model by Braun and Mitchell [16] that take into account the 
quadrant in which the sun is, this allows it to be possible to calculate azimuth angle values when the sun 
is south of the east-west line. Diffuse radiation is estimated using a simple isotropic model of Liu and 
Jordan (1962), which have been found to give good results [13, 17]: 
 
 
2
cos1 T dhdc II              (14) 
The ground-reflected radiation received by a surface is assumed isotropic and is a function of the global 
horizontal radiation and the tilt as well as the ground’s reflectivity or albedo [13, 17, 18].  
 
2
cos1 TV  ghr II        (15) 
In equation 15, V  is the reflectivity of the surrounding ground and a value of 0.2 have been assumed.  
Based on the above models the solar radiation falling on the vertical solar channel was predicted. A 
spreadsheet calculator was developed and then applied to estimate total radiation received by the channel 
using available hourly global and diffuse radiation data from the Meteorological Services of Zimbabwe. 
Available June 1999 and December 1999 data was used to represent winter and summer radiation 
conditions. Average monthly values were applied. Other environmental data, ambient temperature and 
relative humidity, are average hourly values for the same year and months.   
3. Results and Discussions 
Fig 2 (a) and (b) show the solar radiation falling on the solar channel at different orientations for 
December 1999 and June 1999 respectively. In December (summer) north-facing channel receive 
radiation which is not more than 200W/m2 though in June (winter) the radiation went to as high as 
600W/m2. For south-facing channel the amount of solar radiation received is less than 300W/m2 in 
December while in winter it reached just around 100W/m2. East and West-facing channels received 
around 500W/m2 in both summer and winter but during different times of the day. For the east-facing 
channel, the radiation of around 500W/m2 is received during the morning while for the west-facing 
channel it is received in the afternoon.  
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 Fig. 2. (a) December 1999: Solar radiation falling on channel; (b) June 1999: Solar radiation falling on channel 
In Fig 3 (a) and (b) the outdoor conditions are presented, and it is evident that while the relative 
humidity ranges are comparable for both December and June, the specific humidity is on average higher 
in summer than in winter. In December the relative humidity is between 60 - 100%, this corresponds to 
specific humidity range of about 0.011 - 0.012kg/kg of dry air. In June the relative humidity ranges from 
about 50 - 95%, but the specific humidity is around 0.008kg/kg of dry air. Despite the significant 
difference in temperatures between December and June, the drying effect of the air becomes comparable 
because of the difference in specific humidity. 
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Fig. 3. (a) December 1999: Outdoor conditions; (b) June 1999: Outdoor conditions 
Simulation results indicate noteworthy potential for solar regeneration of a silica gel bed in a solar 
channel for Harare conditions obtaining in both summer and winter represented by December and June 
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results respectively.  Fig 4 (a) shows the curves for silica gel regeneration during the month of December, 
while Fig 4 (b) is for the month of June. Moisture content of the silica gel can reach a minimum of circa 
0.05kg/kg during the process. West-facing channel has its minimum values of the silica gel moisture 
content towards the end of day while for other orientations the minimums occur before. For a channel 
facing east the minimum silica gel moisture content is occurring between 1100hrs and noon, after noon 
sorption process sets in increasing the moisture content of the silica gel. This phenomenon is observed for 
both December and June though for June the minimum value is slightly lower. North-facing channel 
gives the lowest moisture content value of slightly less than 0.05kg/kg and this occurs in June around 
1400hrs, however the minimum moisture content for December is around 0.1kg/kg. The orientation with 
worst results is south; the minimum moisture content does not go much lower than 0.1kg/kg in December, 
while in June it is higher than the December value.  
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Fig. 4. (a) December 1999: regeneration curves; (b) June 1999: regeneration curves  
4. Conclusions 
Spreadsheet simulations using simple mathematical models have been performed for the regeneration 
of a silica gel bed in a solar channel configuration. Significant drying of silica gel bed shown to be 
possible and thus the regenerated bed can be used for drying night ambient air. The dried air can then be 
used for the drying of internal surfaces of a room laden with silica gel during night time, preparing it for 
next day’s moisture buffering requirements. Potential for passive humidity control for an office building 
through applying the novel strategy has been demonstrated. West-facing channel is most favourable since 
it receives significant amount of solar radiation towards end of day.  
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